Abstract. During production in recombinant E. coli, the human basic fibroblast growth factor (hFGF-2) partly aggregates into stable cytoplasmic inclusion bodies. These inclusion bodies additionally contain significant amounts of the heat-shock chaperone DnaK, and putative DnaK substrates such as the elongation factor Tu (ET-Tu) and the metabolic enzymes dihydrolipoamide dehydrogenase (LpdA), tryptophanase (TnaA), and D-tagatose-1,6-5 bisphosphate aldolase (GatY). Guanidinium hydrochloride induced disaggregation studies carried out in vitro on artificial aggregates generated through thermal aggregation of purified hFGF-2 revealed identical disaggregation profiles as hFGF-2 inclusion bodies indicating that the heterogenic composition of inclusion bodies did not influence the strength of interactions of hFGF-2 in aggregates formed in vivo as inclusion bodies compared to those generated in 10 vitro from native and pure hFGF-2 through thermal aggregation. Compared to unfolding of native hFGF-2, higher concentrations of denaturant were required to dissolve hFGF-2 aggregates showing that more energy is required for disruption of interactions in both types of protein aggregates compared to the unfolding of the native protein. In vivo dissolution of hFGF-2 inclusion bodies was studied through coexpression of chaperones of the DnaK and 15
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Introduction
Inclusion bodies are protein aggregates that often form during overproduction of recombinant proteins. They have long been regarded as a localized mass of unordered polypeptide chains but more recent research suggested that these proteins may also have defined conformations within the aggregated state (Ventura and Villaverde, 2006) . Inclusion bodies also have long 5 been considered inert towards in vivo dissolution, but it is now generally accepted that inclusion body proteins can be solubilized in vivo concomitant to or followed by proteolytic degradation (Corchero et al., 1997 , Carrió et al., 1999 Cubarsí et al., 2001; LeThanh et al., 2005; Vera et al., 2005) or even by folding into the native state LeThanh et al., 2005) . 10 Comparable observations have been made with endogenous proteins aggregated by heatshock in E. coli which resolubilize when cells are subjected to lower temperature (Kędzierska et al., 1999) . Similarily to solubilized inclusion body proteins, the resolubilized proteins from endogenous heat-shock aggregates can reach their native conformation or are subjected to proteolytic degradation (Laskowska et al., 1996) . The dissolution of 15 these endogenous aggregates depends on the presence of chaperones, in particular on chaperones of the DnaK family (Kędzierska et al., 1999) .
Chaperones involved in the coordinated dissolution of protein aggregates form an interlinked network, which includes the Hsp70-chaperone DnaK and the AAA+ protein ClpB (Mogk et al., 2003a; Weibezahn et al., 2004; . Both DnaK and ClpB are essential for removal of 20 heat-shock aggregates, but high levels of DnaK can compensate a lack of ClpB due to partially overlapping functions (Kędzierska et al., 1999; Kędzierska and Matuszewska, 2001; Laskowska et al., 1996; Thomas and Baneyx, 2000) . In vitro experiments revealed that DnaK can solubilize small aggregates alone but requires cooperation with ClpB for solubilization of larger aggregates (Diamant et al., 2000; Goloubinoff et al., 1999; Zolkiewski, 1999) . The 25 chaperonins GroEL and GroES are also involved in removal of heat-shock aggregates at lower temperature (Kędzierska et al., 1999) ; a direct role of GroELS in disaggregation, however, has been excluded . Rather, it has been suggested that GroELS is involved in promoting folding and refolding of newly synthesized and misfolded proteins and, if folding and refolding is not possible, is involved in promoting the 5 degradation of unstable and abnormal proteins (Kandror et al., 1994 (Kandror et al., , 1999 .
Coproduction of chaperones of the DnaK and GroEL family with recombinant proteins has been traditionally examined with the goal to increase the amount of soluble protein (e.g. Goloubinoff et al., 1989; Blum et al., 1992; Georgiou and Valax, 1996; Nishihara et al., 1998; Baneyx and Palumbo, 2002) . Although the substrate specificity of these chaperone systems 10 has been characterized and an enormous progress in understanding chaperone mediated protein folding processes has been achieved, the success of chaperone coproduction on increasing soluble protein accumulation is still a trial-and-error process and cannot be predicted from properties of the recombinant protein (Hoffmann and Rinas, 2004; Baneyx and Mujacic, 2004; Ventura and Villaverde, 2006) . Moreover, in some cases, e.g. during 15 overexpression of dnaK, even stabilization of inclusion bodies can occur, most presumably by downregulation of the heat-shock response including a reduced synthesis of other heat-shock chaperones and proteases (Petersson et al., 2004) . Chaperones of the DnaK and GroEL family also associate with inclusion bodies. DnaK is localized preferentially on the surface of inclusion bodies and, together with ClpB, is recovered with 20 smaller protein aggregates during sucrose density centrifugation (Schrödel and de Marco, 2005) . GroEL, on the other hand, is homogeneously distributed in the cytosol, absent from the inclusion body surface, but found in minor amounts also inside of inclusion bodies . During in vitro recovery by sucrose density centrifugation, GroEL is recovered with larger protein aggregates (Schrödel and de Marco, 2005) . The exact function 25 of the chaperones of the DnaK and GroEL family in inclusion body metabolism is not yet Rinas et al. 5 understood; e.g. experimental results are even compatible with an active role of GroEL in the deposition of misfolded protein into inclusion bodies (Carrió and Villaverde, 2003) .
Production of the human basic fibroblast growth factor (hFGF-2) using a temperatureinducible expression system results in the formation of soluble growth factor as well as in the formation of inclusion bodies (Seeger et al., 1995) . hFGF-2 is a protein of 155 amino acids, 5 sufficiently small to be incorporated into the central cavity formed by the two stacked homoheptameric GroEL rings (Sakikawa et al., 1999; Houry et al., 1999) . It is a protein of low stability, in particular under non-reducing conditions (Estapé et al., 1998) and exhibits very slow folding kinetics (Estapé and Rinas, 1999) . Temperature-induced production of hFGF-2 initially leads to the accumulation of hFGF-2 exclusively in the aggregated form 10 (Hoffmann and Rinas, 2000) . Accumulation of soluble hFGF-2 starts with a delay after heatshock protein synthesis reached their peak level (Hoffmann and Rinas, 2000) . Modelling data indicate that the soluble state might be reached only after in vivo refolding from the aggregated state (Hoffmann et al., 2001) .
In this study we aimed for a detailed analysis of the anatomy of inclusion bodies produced 15 during temperature-induced synthesis of hFGF-2 by identifying integral inclusion body contaminants and by investigating the cohesive forces amongst inclusion body proteins through a comparative study on the resistance of inclusion body proteins, in vitro generated protein aggregates and native protein towards chemical denaturants. Moreover, we also aimed for a mechanistic understanding of the function of individual molecular chaperones in the 20 inclusion body assembly/disassembly process by producing the recombinant protein in chaperone mutant strains as well as in strains coproducing chaperones of the DnaK and GroEL family and the AAA+ chaperone ClpB and combinations thereof. Rinas et al. 6 
Material and Methods

Host strains, plasmids, and culture conditions
Escherichia coli strains used in this study are TG1 (DSM 6056) and MC4100 araD139 ∆(argF-lac) U169 rpsL150 relA1 flbB5301 deoC1 ptsF25 rbsR and its chaperone mutants as listed in Table 1 . The human basic fibroblast growth factor (hFGF-2) is encoded on the plasmid 5 pλFGFB, which is derived from the expression vector pCYTEXP1 (Seeger et al., 1995) . Gene expression from the strong promoter tandem λP R P L is controlled by the thermolabile repressor cI857 also encoded on the plasmid. Both plasmids also carry the amp gene coding for resistance against ampicillin. Plasmids for coproduction of chaperones are listed in Table 2 .
High-cell density cultures were carried out as described previously (Seeger et al., 1995) . To 10 test the effect of chaperone coexpression or absence, cells were grown in shake flask cultures (50 ml medium in 250 ml Erlenmeyer flasks) using a defined glucose-mineral salt medium (Korz et al., 1995) supplemented with the appropriate antibiotics at 30°C to an OD 600 of 0.5.
The synthesis of hFGF-2 was induced by temperature-shift to 42°C. Induction of chaperones was independent of hFGF-2 synthesis, they were induced by addition of 0.5 mmol L -1 15 isopropyl-β-D-galactopyranoside (IPTG) either one hour before or one hour after induction of hFGF-2. All experiments were carried out at least in duplicate.
Protein fractionation and one-dimensional SDS-PAGE analysis
Culture samples were centrifuged (Biofuge A, Heraeus Instruments Holding, Hanau) at 13,000 rpm for 5 min, after removal of the supernatant cell pellets were stored at -70 o C until 20 further analysis. Before disruption of cells, the cell pellet was resuspended in 50 mmol L 
Two-dimensional gel electrophoresis and protein identification
Two-dimensional equilibrium (Rinas and Bailey, 1992) and non-equilibrium electrophoresis 10 (Hoffmann and Rinas, 2000) were carried out as described previously. Spot identification was 
Guanidine-hydrochloride induced unfolding and disaggregation studies.
hFGF-2 was purified from the soluble cell fraction as described previously (Seeger and Rinas, 1996) . Guanidine-hydrochloride (Gdn-HCl) induced unfolding studies of native hFGF-2 based on changes in fluorescent properties were performed as described (Estapé et al., 1998) . 20
Thermal unfolding of hFGF-2 was studied by a gradual temperature increase [0.1 to 0.3°C per minute, 10 µg mL -1 hFGF-2 in 100 mmol L -1 sodium phosphate buffer (pH 7) in the presence or absence of 100 mmol L -1 β-mercaptoethanol]. Unfolding was monitored by measurement of the protein fluorescence emission at 355 nm (excitation at 280 nm) as described previously (Estapé et al., 1998) . 25 Rinas et al. 8 For disaggregation studies of pure hFGF-2 aggregates, pure hFGF-2 (5 mL of 0.2 mg mL -1 hFGF-2 in sodium phosphate buffer) was subjected to 70°C for one hour to promote aggregation. The resulting suspension was centrifuged at 25,000 g for two hours at 4°C. The supernatant was discarded and the pellet was resuspended by sonication on ice in 8 mL sodium phosphate buffer. Aliquots (100 µL) of this suspension were mixed with varying 5 concentrations of Gdn-HCl (± 100 mmol L -1 β-mercaptoethanol in sodium phosphate buffer, 1 mL final volume). Soluble and insoluble fractions were obtained after subsequent centrifugation at 15,000 g for one hour. The amount of solubilized hFGF-2 was determined by fluorescence emission at 355 nm (excitation 280 nm) as described previously (Estapé et al., 1998) . 10
Crude inclusion bodies obtained from high-cell-density cultures (Seeger et al., 1995; Estapé and Rinas, 1996) were resuspended by sonication on ice in the presence of varying concentrations of Gdn-HCl in sodium phosphate buffer (1 mg mL -1 final hFGF-2 concentration). Soluble and insoluble fractions were obtained after subsequent centrifugation at 15,000 g for 1 hour, analyzed by SDS-PAGE and quantified by densitometry.9
Results
Inclusion body anatomy
Protein compositional analysis of hFGF-2 inclusion bodies
hFGF-2 was produced in high-cell density fed-batch cultures using a temperature-inducible expression system (Seeger et al., 1995) . The insoluble cell proteome containing hFGF-2 5 inclusion bodies was analyzed by two-dimensional gel electrophoresis ( Fig. 1A and C) and compared to the insoluble proteome of the control strain carrying the "empty" expression vector grown under identical conditions (Fig. 1B and D) .
Common to the insoluble proteome of both strains are the plasmid encoded repressor cI857 ( Fig. 1C and D) , which aggregated presumably because of its thermolability, and membrane 10 proteins such as the flavoprotein subunit of succinate dehydrogenase, SdhA ( Fig. 1C and D) present in the inner cell membrane, and the outer membrane proteins OmpA, OmpF, and OmpC ( Fig. 1A and B ). All these proteins are detected in comparable amounts in the producing ( Fig. 1A and C) as well as in the control strain ( Fig. 1B and D) . The outer membrane proteins are components of the cell debris which can be removed from inclusion 15 bodies by detergent washing (data not shown).
Proteins not detected in the insoluble cell fraction of both strains (Fig. 1A, positions indicated by gray arrows), although they have been identified as integral components of inclusion bodies in other cases, are pre-β-lactamase, the precursor of the enzyme conferring resistence to ampicillin in plasmid-carrying strains (Hart et al., 1990; Kane and Hartley, 1991; Rinas and 20 Bailey, 1993) , the small heat-shock proteins IbpA and IbpB (Allen et al., 1992) and GroEL (Schrödel et al., 2005) . Synthesis of pre-β-lactamase (Hoffmann and Rinas, 2001a ) and the small heat shock proteins IbpA and IbpB (Hoffmann and Rinas, 2000) is too low to cause coaggregation into hFGF-2 inclusion bodies. Concerning the absence of GroEL in hFGF-2 Rinas et al.
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inclusion bodies, we speculate that the small size of hFGF-2 allows its complete entry into the central pore of GroEL thereby preventing protrusion of unprotected and unfolded parts which else might became entangled into inclusion bodies together with the attached chaperone (for details refer to Discussion).
Proteins that specifically aggregate during production of hFGF-2 include the elongation factor 5 Tu (EF-Tu), a house keeping protein also detected in other inclusion bodies (Hart et al., 1990) . Moreover, metabolic proteins such as dihydrolipoamide dehydrogenase (LpdA), which is a component of the pyruvate and 2-oxoglutarate dehydrogenase complex and tryptophanase (TnaA), specifically aggregate in hFGF-2 producing cells (Fig. 1C) but not in the respective control strain grown under identical conditions (Fig. 1D ). The synthesis of both proteins is 10 upregulated under these culture conditions (Hoffmann et al., 2002) , their presence in inclusion bodies, however, has to our knowledge not been reported before. Another protein found exclusively in the insoluble cell fraction of hFGF-2 producing cells was identified as Dtagatose-1,6-bisphosphate aldolase (GatY) (Fig. 1C) . This protein has been also identified in the inclusion bodies of other recombinant proteins (Josef Lengeler and Peter Neubauer, 15 personal communication). Moreover, the chaperone DnaK was detected in significantly higher amounts in the insoluble proteome of hFGF-2 producing cells ( Fig. 1A and C) .
Resistance of inclusion body proteins, in vitro generated aggregates and native hFGF-2 towards denaturants
To evaluate the propensity of hFGF-2 to from inclusion bodies the soluble as well as 20 aggregated variants of the protein were subjected to stability analysis. Native hFGF-2 purified to homogeneity from the soluble cell fraction (Seeger and Rinas, 1996) was subjected to increasing concentrations of the chaotropic agent guanidinium hydrochloride (Gdn-HCl) for unfolding studies under reducing conditions (Estapé et al., 1998;  (Estapé et al., 1998) . In comparison, aggregates of hFGF-2 generated in vitro by subjecting native hFGF-2 to 70°C or recovered as in vivo produced inclusion bodies using the temperature-inducible expression system were also subjected to increasing concentrations of Gdn-HCl under reducing conditions ( Fig. 2A) . The dissolution profiles for both types of hFGF-2 aggregates were very 5 similar. Thus, the heterogenic composition of inclusion bodies (Fig. 1) did not influence the strength of interactions of hFGF-2 in aggregates formed in vivo as inclusion bodies compared to those generated in vitro from native and pure hFGF-2 through thermal aggregation. The midpoint of dissolution for both types of aggregates was located at 2.7 mol L -1 Gdn-HCl ( Fig.   2A ), clearly showing that the concentrations of chaotropic agent needed for disruption of 10 interactions in both types of protein aggregates were much higher than the concentration required for the unfolding of the native protein.
In addition to chemical unfolding of hFGF-2, temperature-induced unfolding of native hFGF-2 was studied under reducing and also under non-reducing conditions (Fig. 2B) . Under reducing conditions, a sharp transition from the folded to the unfolded state was found above 15 50°C, whereas a broad unfolding transition range started already above 30°C in the absence of a reducing agent (Fig. 2B) . Thermal denaturation was irreversible and resulted in formation of aggregates that could not be dissolved upon sole temperature reduction (not shown).
Role of chaperones during assembly and disassembly of inclusion bodies
Impact of DnaKJ/GrpE or GroELS coproduction on hFGF-2 inclusion body 20 metabolism
During production at 42°C, hFGF-2 reached a concentration of 75 mg per gram cell dry mass within one hour with one third accumulating in the insoluble cell fraction; neither amount nor distribution pattern changed subsequently during the observation period of eight hours (Fig. 3A) . Thus, the net amount of hFGF-2 within the inclusion bodies remained unchanged in the absence of chaperone coproduction.
To study the impact of chaperones on the prevention or dissolution of inclusion bodies, coproduction of DnaKJ/GrpE or GroELS was examined. Chaperone genes were placed on compatible plasmids and induction of chaperone synthesis was independent of hFGF-2 5 synthesis.
Expression of chaperone genes (DnaKJ/GrpE or GroELS) was chemically induced one hour before or one hour after the induction of hFGF-2 by temperature upshift.
Neither the DnaKJ/GrpE nor the GroELS system was able to prevent the formation of hFGF-2 inclusion bodies (Figs. 3 and 4 , respectively). But both chaperone systems were able to 10 dissolve inclusion bodies. While coexpression of the DnaKJ/GrpE system was only leading to partial disaggregation of hFGF-2 inclusion bodies (Fig. 3) , coexpression of GroELS was leading to almost complete inclusion body dissolution (Fig. 4) . However, dissolution of inclusion bodies during coexpression of the GroELS system did not lead to a corresponding increase of soluble hFGF-2 (Fig. 4) . Thus, in this system dissolution of hFGF-2 inclusion 15 bodies through GroELS was resulting in the proteolysis of the recombinant growth factor.
During coexpression of the DnaKJ/GrpE system, the amount of soluble hFGF-2 was neither positively nor negatively affected (Fig. 3) .
Impact of combined chaperone coproduction on initial accumulation of hFGF-2 in soluble and inclusion body fractions 20
As coproduction of DnaKJ/GrpE or GroELS alone did not improve the amount of soluble hFGF-2, combinations of different chaperone systems were investigated. In addition to combined coproduction of DnaKJ/GrpE and GroELS, coproduction of the disaggregation chaperone ClpB was also examined.
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The synthesis of DnaKJ/GrpE, GroELS (in large amounts: LS, in small amounts: ls), ClpB or combinations thereof was chemically induced one hour before the induction of hFGF-2 by temperature upshift. Overproduction of DnaKJ/GrpE + ClpB or DnaKJ/GrpE + ClpB + GroELS (ls) reduced the initial accumulation of insoluble hFGF-2, i.e. the concentration one hour after the temperature shift, by 60%, whereas DnaKJ/GrpE without ClpB had nearly no 5 effect on hFGF-2 accumulation, neither in the soluble nor in the inclusion body fraction (Fig.   5 ). Again, none of the chaperone combinations was able to completely prevent the formation of inclusion bodies. The highest amount of soluble hFGF-2 was reached in the system where DnaKJ/GrpE and ClpB were coexpressed, however, the amount of soluble hFGF-2 produced within the first hour with coexpression of these chaperones did not surpass the amount of 10 soluble hFGF-2 in the absence of chaperone coexpression.
Impact of combined chaperone coproduction on longterm accumulation of hFGF-2 in soluble and inclusion body fractions
The longterm effect of combined chaperone coexpression was examined between 4-8 h after induction of hFGF-2 synthesis when the culture had reached stationary levels of product and 15 chaperones.
All chaperone systems mediated the dissolution of already formed hFGF-2 inclusion bodies during further incubation at 42°C, even when they were induced one hour after induction of hFGF-2 synthesis (Fig. 6A) . Again, the GroELS-based systems were most efficient leading to almost complete dissolution of hFGF-2 inclusion bodies (Fig. 6A) . A large excess of GroELS 20 was required for removal of aggregates, as the inclusion bodies were more stable when GroELS was coproduced in smaller amounts (Fig. 6A) . Coexpression of DnaKJ/GrpE or DnaKJ/GrpE + ClpB was less efficient, reducing the amount of hFGF-2 in the insoluble cell fraction by only 40% compared to the reference cultivation without coproduction of chaperones (Fig. 6A) . 25 A significant increase in the amount of soluble hFGF-2 during longterm incubation was only observed in the culture coexpressing all chaperones [DnaKJ/GrpE + ClpB and GroELS (ls)].
In this case the amount of soluble hFGF-2 increased by 40% compared to the culture without chaperone coexpression (Fig 6B) . However, this increase was only observed when chaperone induction occurred before induction of hFGF-2 synthesis. Coexpression of DnaKJ/GrpE + 5 ClpB (without GroELS) had a slight positive effect on the amount of soluble growth factor during longterm incubation (Fig. 6B) . But again, this was only observed when chaperone induction occurred before induction of hFGF-2 synthesis. Coexpression of DnaKJ/GrpE alone had no significant effect on the amount of soluble growth factor during longterm incubation (Fig. 6B) . Systems based on the coexpression of large amount of GroELS [DnaKJ/GrpE + 10 ClpB +GroELS (LS) or GroELS (LS) alone] even decreased the concentration of soluble hFGF-2 by 20 or 40%, respectively (Fig. 6B ) corroborating again the degradation promoting effect of the GroELS system.
Production of hFGF-2 in chaperone mutant strains
The above results revealed a critical role of the disaggregating chaperones DnaKJ/GrpE and 15
ClpB in the generation of soluble hFGF-2 while the chaperonins GroELS where not promoting the formation of soluble hFGF-2 but instead were promoting its degradation. We thus investigated production of hFGF-2 and its partitioning into soluble and insoluble cell fractions in strains carrying deletions or conditional mutations of these chaperones genes.
Production of hFGF-2 in strains with a deletion of groES or conditional mutations in groEL 20 did not change the distribution of hFGF-in soluble and insoluble cell fractions although the total amount of recombinant protein decreased in the mutant strains (Fig. 7) . This clearly shows that the GroELS chaperonins are not essential for the formation of soluble hFGF-2. In contrast, deletion mutants of dnaK or clpB, or in particular the double deletion mutant, Rinas et al. 15 revealed a drastic reduction in the amount of soluble growth factor clearly demonstrating the vital role of these chaperones for the generation of soluble hFGF-2 (Fig. 7) .
Discussion
Traditionally, protein aggregation has been attributed to unidirectional kinetic competition of folding and aggregation reactions (Kiefhaber et al., 1991) . More recent work, however, indicated that in vivo a dynamic equilibrium between soluble and insoluble states exists . 5
Aggregates of hFGF-2 generated in vitro or in vivo are more stable than the native growth factor towards chemical denaturants. Moreover, in vitro studies show that hFGF-2 is easily denatured both by chaotropic agents (Estapé et al., 1998) and by heat, in particular under nonreducing conditions where denaturation already starts at the temperature used for the production of this growth factor. Thus, a potential equilibrium between soluble and insoluble 10 states is biased towards the aggregated state.
Removal of aggregated protein was enhanced most efficiently by overproduction of GroELS:
hFGF-2 that has accumulated as inclusion bodies was almost completely removed three hours after induction of GroELS overproduction (Fig. 4) . As hFGF-2 is also removed from the soluble cell fraction, GroELS seems to promote degradation. As the GroELS system is not 15 directly involved in protein disaggregation we can interpret the role of GroELS as a mediator between aggregated and soluble states. hFGF-2 is sufficiently small to be incorporated into the central cavity of the GroEL multimer, and thus can be effectively protected from intermolecular interaction with other misfolded hFGF-2 molecules, a subsequent release into unfavourable conditions will then lead to degradation. On the first sight seemingly 20 contradicting results with large fusion proteins where an active role of GroEL in inclusion body buildup has been proposed (Carrió and Villaverde, 2003) are in line as in that case the recombinant protein is too large to be incorporated into the GroEL cavity and thus protruding parts of the recombinant protein can cause intermolecular interactions leading to intracellular aggregation and inclusion body buildup. Moreover, the presence of GroEL has been shown inthe inclusion bodies of large proteins Schrödel and de Marco, 2005) . In contrast, in hFGF-2 containing inclusion bodies GroEL is absent corroborating the above conclusion.
For generation of soluble hFGF-2, the DnaK system and ClpB were found to be essential.
While deletion or mutation of the other chaperone genes show minor impact on the 5 partitioning of hFGF-2 into soluble and insoluble cell fractions, with two thirds of hFGF-2 accumulating in the soluble fraction as in wildtype cells, only a minor part of hFGF-2 was soluble in the clpB and dnaK deletion strains, pointing out the requirement for these particular chaperones. However, DnaKJ/GrpE overproduction was not sufficient to prevent hFGF-2 aggregation under the conditions employed in this study, even when induced one or four 10 hours (not shown) before induction of hFGF-2. One the other hand, inclusion bodies formed prior or concomitant to overproduction of DnaK are dissolved at least partly afterwards, whereas the inclusion bodies were stable for at least eight hours without chaperone overproduction. Thus, reversion and not prevention of aggregation is the main role of the DnaK system during production of hFGF-2. The efficacy of the DnaK system in 15 disaggregating inclusion body proteins might be additionally influenceable by the ratio of DnaK, DnaJ, and GrpE, as in our case the individual components of the DnaK family were synthesized in a non-stoichiometric ratio with an excess of DnaK (cf. Fig.3 ). On the other hand, overproduction of ClpB in addition to DnaKJ/GrpE significantly reduced accumulation of hFGF-2 in the insoluble cell fraction, directly after induction of hFGF-2 synthesis and 20 during longterm production indicating that ClpB does not only disaggregate but also prevents the formation of aggregates. In contrast to the coexpression of the GroELS system, overproduction of ClpB in addition to DnaKJ/GrpE also enhanced the accumulation of soluble hFGF-2, especially in conjunction with overproduction of GroELS in small amounts.
This finding supports the hypothesis by Thomas and Baneyx (2000) that ClpB can also 25 facilitate de novo folding. However, we can not completely exclude that the reduced growth rate in response to induction of chaperone gene expression (data not shown) also caused reduced hFGF-2 synthesis rates thereby favourably affecting the formation of soluble growth factor. On the other hand, growth rate reduction were similar in strains coproducing DnaKJ/GrpE alone or in combination with ClpB and small amounts of GroELS, thus, supporting the conclusion that ClpB is at least partly involved in facilitating de novo protein 5 folding at the conditions investigated.
Thus, the disaggregating DnaK system and ClpB were identified as the limiting factors for the production of soluble hFGF-2. This is also corroborated by the finding that the disaggregating chaperone DnaK was detected at elevated levels in hFGF-2 inclusion bodies. The majority of proteins that are located in the insoluble cell fraction specifically of hFGF-2 producing cells 10 are in the rage of 30 to 75 kDa ( Fig. 1A and C) , a size preferentially bound by DnaK (Teter et al., 1999) . In particular, several components of the hFGF-2 inclusion bodies have been identified as DnaK substrates, e.g. the thermolabile protein GatY , EF-Tu (Malki et al, 2002; Vorderwülbecke et al., 2004) and TnaA as well as LpdA (Vorderwülbecke et al., 2004) . Thus, most of the specifically aggregating proteins are DnaK substrates, 15 corroborating the lack of this chaperone during hFGF-2 production. Moreover, this study also shows that disaggregation can play an important role in the production of soluble recombinant proteins, as previously proposed by a quantitative model of inclusion body formation (Hoffman et al., 2001 ). Rinas et al.
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Captions to Figures   Figure 1. Compositional analysis of the insoluble proteome of TG1:pλFGFB producing hFGF-2 (A, C) or TG1:pCYTEXP1 as control (B, D) six hours after temperature upshift from 30 to 42°C. Cells were grown in high-cell density cultures as described previously (Seeger et al., 1996) . The insoluble proteins were separated by isoelectric focussing (A, B) or non-5 equilibrium pH-electrophoresis (C, D). Gels were stained with Coomassie-brilliant blue. induction. The concentration of hFGF-2 was determined by densitometry of Coomassiestained SDS-PAGE and is given relative to the concentration in a reference cultivation without chaperone coproduction at the same time. KJ corresponds to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB530, and pBB535 coexpressing DnaKJ and GrpE; KJ-B to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB540, and 10 pBB535 coexpressing DnaKJ, GrpE and ClpB; KJ-B-ls to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB540, and pBB550 coexpressing DnaKJ, GrpE, ClpB, and GroELS in small amounts; KJ-B-LS to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB540, and pBB542 coexpressing DnaKJ, GrpE, ClpB, and GroELS in large amounts; and LS to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB528, 15 and pBB541 coexpressing GroELS in large amounts. induction of hFGF-2 synthesis). Chaperones were induced one hour before (black bars) or one hours after (grey bars) the temperature shift for induction hFGF-2 production. The 5 concentration of hFGF-2 were determined by densitometry of Coomassie-stained SDS-PAGE and are given relative to the concentration in a reference cultivation without chaperone coproduction at the same time. KJ corresponds to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB530, and pBB535 coexpressing DnaKJ and GrpE; KJ-B to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB540, and pBB535 coexpressing 10 DnaKJ, GrpE and ClpB; KJ-B-ls to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB540, and pBB550 coexpressing DnaKJ, GrpE, ClpB, and GroELS in small amounts; KJ-B-LS to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB540, and pBB542 coexpressing DnaKJ, GrpE, ClpB, and GroELS in large amounts; and LS to E. coli MC4100 transformed with the three plasmids pλFGFB, pBB528, and pBB541 15 coexpressing GroELS in large amounts. densitometry. hFGF-2 amount is expressed such that the area of total hFGF-2 in the wild type was taken as one and other values were related. (A) production in chaperonin mutants, (B) production in the other chaperone mutants.
